We generate a multiple-wavelength source by filtering and modulating individual lines from an on-chip optical parametric oscillator frequency comb. Bit-error-rate and eye-diagram measurements yield performance comparable to a tunable laser source. Integrated photonics promises on-chip communication systems with bandwidth capabilities orders of magnitude larger than electronic data transmission [1] . In order to achieve high data rates, wavelength-division multiplexing (WDM) is necessary for optical links [2] . Over the past decade, many devices necessary for WDM network have been demonstrated on a CMOS platform. However, a WDM source capable of providing multiple output wavelengths has remained elusive. We recently reported a silicon nitride (Si 3 N 4 ), CMOS compatible optical parametric oscillator (OPO) [3] . Using a dispersion-engineered ring resonator with a high quality factor Q, we utilize four-wave mixing (FWM) gain to generate an optical frequency comb from a single, continuous-wave (CW) input pump.
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In this work, we perform the first characterization and determination of a comb source for use as evenly spaced frequency channels of a WDM system. Since it is possible to induce signal noise during parametric amplification, it is necessary to determine the fidelity of the wavelengths generated in the ring resonator for communication systems. Additionally, the large Q of the device leads to very high circulating powers in the resonator. Such high powers can also cause instability of the system due to sensitivities of both the parametric gain and cavity lineshape to power and temperature fluctuations. Although many groups have demonstrated optical parametric oscillation through similar processes [4] [5] [6] , the properties of encoded data on an individual comb line of the OPO have not been examined. Here, we filter and modulate individual wavelengths generated by the ring resonator with a negligible bit error rate (BER) power penalty at 10 Gb/s. Currently the filtering and modulation are performed off-chip. However, by using a small silicon ring electro-optic modulator [7] , the same functions can be done on-chip creating a completely integrated WDM network. We generate the frequency comb shown in Fig. 1(a) by pumping a 116-μm radius silicon nitride ring resonator at the cavity resonance near 1541 nm. The intrinsic Q of the ring is on the order of 10 6 which induces a cavity enhancement of the input power of ~200. By using a PID controller we are able to lock the pump laser to a specific transmission point of the resonance and maintain a stable comb for many hours, thus allaying fears about the stability of the resonance during oscillation. Figure 1(b) shows the experimental setup for monitoring the comb and performing the BER measurements. The output of the chip is collected and sent through a 9-nm bandpass filter such that a section of the comb without the pump can be utilized. The OSA shows the amplitude of the generated lines in this range varies slightly and previous results have shown that multi-wavelength parametric oscillation with a flat amplitude profile is possible with a similar device [3] . We use a low-noise, small-signal erbium-doped fiber OSA/ CLEO 2011 CMAA7.pdf © Optical Society of America amplifier (EDFA) to increase the power of the filtered comb lines. We should note that the power of each line coming out of the waveguide may be up to 1 mW and here we only amplify to compensate for off chip coupling and filtering losses. We then use a tunable filter to select a single comb line.
We modulate the selected wavelength using a lithium niobate Mach-Zehnder modulator and a pattern generator to imprint a 2 31 -1 pseudo-random bit sequence (PRBS) at a data rate of 10 Gb/s. The modulated signal is then either sent to a sampling oscilloscope to observe the eye diagram or sent through a variable optical attenuator into a 10 Gb/s lightwave receiver and a bit error rate tester (BERT). In one test case we also send the modulated data through 10.55 km of single mode fiber (SMF) to measure the suitability for long-haul communication. For the baseline measurement of our set-up, we use a tunable CW laser at the same wavelength as one of the filtered comb lines. Figure 2(a) shows the results of the BER measurement for several comb lines. A standard measurement of the power penalty compares the baseline received power necessary to achieve a BER of 10 -9 with the received power of the device under test. For the five different wavelengths we measured, there is a power penalty of less than 0.5 dB. Additionally, we measure the power penalty for the line generated at 1597.5 nm after transmitting through an additional spool of SMF fiber. In this case we incur another power penalty of less than 0.5 dB. Although theoretically we would expect a linear relationship (on a log-log scale) between the BER and receive power, in this case we conclude the nonlinear curve is a result of the test equipment and device performance since we see the same curvature for our baseline measurement. The open eye diagram, shown in Fig. 2(b) , confirms the BER measurements and demonstrate the high fidelity of data transmission along one of the generated frequencies. We characterize the performance of the multiple wavelength source generated from an on-chip OPO for use in a WDM communications system. Using both BER and eye diagrams, we demonstrate data transmission at 10 Gb/s on multiple comb lines with performance comparable to a tunable CW laser source. The frequency comb used in this experiment had a line spacing of ~200 GHz. We can tune this parameter by modifying the ring resonator's radius, allowing for great flexibility in channel spacing with the potential to fit standard WDM specifications. Although in this work filtering and modulation were done off-chip, integrating a silicon modulator with our multiple wavelength source should be readily achievable for realization of a fully integrated WDM system. Combining the capability to generate over 100 new wavelengths from a single pump with the filtering and modulating capabilities of cascaded silicon modulators [8] could enable on-chip data transmission rates of over 1 Tb/s for an integrated photonic network.
